Optimisation of epitaxial anatase TiO2 thin films grown on LaAlO3(001) substrates was performed using ultra-high vacuum based pulsed laser deposition (PLD) and studied by insitu reflection high-energy electron diffraction (RHEED). In addition, ex-situ X-ray diffraction (XRD), atomic force microscopy (AFM), and scanning transmission electron microscopy (STEM) were performed to characterise the bulk properties of these thin films.
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INTODUCTION
Titania, TiO2, has a wide range of applications and a large number of extremely interesting properties. A key 'low-tech' application that stems not only from its optical properties, but also its non-toxicity, is use as a whitening agent in paints and paper. However, applications that more directly stem from its surface properties, as well as the bulk, arise in heterogeneous catalysis including photo-catalysis [1] [2] , the photovoltaic effect [3] [4] , and collar cells [5] , and it is these applications that are at least part of the reason why TiO2 is almost certainly the most studied of all oxides surface [6] . Until now, the majority of studies of TiO2 have been performed on the rutile phase [7] [8] [9] . Rutile is the thermodynamically equilibrium phase of TiO2 at ambient pressures, but two other isomorphs, anatase and brookite also occur naturally. Crucially anatase appears to be the equilibrium phase for small particles with dimension less than 11 nm [2] . It is therefore generally believed that anatase is the active component in many titania based heterogeneous catalysts [4, 10] and in current solar cell applications based on nano-crystalline material. As such, there is a clear need to gain a better understanding of the anatase surface structure and the role of the TiO2 growth conditions (e.g. substrate temperature, oxygen pressure -during growth and annealing, etc.). Thin films of TiO2 can be formed on a wide variety of substrates including oxide surfaces such as: MgO [11] , SrTiO3 [11] [12] , and LaAlO3 [11] [12] [13] . Different deposition methods such as reactive sputter deposition [14] , oxygen plasma assisted molecular beam epitaxy (PAMBE) [12, 15] or pulsed laser deposition (PLD) [13, [16] [17] [18] [19] [20] [21] [22] have all been used to fabricate the anatase phase.
Until now of the substrates examined, LaAlO3 (LAO) gives the best coherency owing to its relatively small lattice mismatch with anatase. In the bulk phase, anatase TiO2 has a tetragonal structure with a lattice parameters a = 0.3776 nm and c = 0.9486 nm, while LaAlO3 can be described as a pseudo-cubic perovskite with a lattice parameter a = 0.3792 nm, leading to a mismatch of only 0.4% when TiO2 is grown epitaxially on the (001) surface 3 of LaAlO3 [23] . While most studies have focused on the bulk structure of the anatase films, studies have also investigated optimization of film growth to obtain good surface properties of anatase TiO2(001), i.e. atomically smooth terraces with well-defined monoatomic stepstructures. In oxygen plasma-assisted MBE, well defined surface structures were obtained for low growth rates (0.003-0.011 nm/s) at growth temperatures between 550 and 650 °C [24] .
Under these conditions, a characteristic (4×1) reconstruction of the anatase TiO2(001) surface [25] [26] [27] was observed in both reflection high-energy electron diffraction and low-energy electron diffraction measurements [28] [29] . In one such study using low-energy ion emission [28] , it was proposed that this reconstruction is based on (103) nano-facets of TiO2, but later theoretical calculations of the surface energy for a range of surface orientations concluded that the (103) face is a high energy surface, and therefore rather unlikely [30] .
The aim of the present study is the optimisation of the PLD growth parameters to generate smooth, flat surfaces and a well-defined interface between film and substrate. Bulk and surface characterization of the anatase-TiO2(001)-(4×1) films on LaAlO3(001) using RHEED, LEED, X-ray diffraction, atomic force microscopy (AFM), scanning tunnelling microscopy (STM), and scanning transmission electron microscopy (STEM).
EXPERIMENTAL
The thin films were prepared by pulsed laser deposition in an ultra-high vacuum (UHV) system with a base pressure 2 × 10 -9 mbar, equipped with high-pressure RHEED and using a 
RESULTS AND DISCUSSION
In order to evaluate the quality of the anatase thin film grown by PLD, a variety of different parameters were varied including: sample temperature; KrF laser energy and fluence; pulse frequency; and the sample-target distance (see Table 1 ). It was found that epitaxial anataseTiO2 thin film growth was observed for substrate temperatures between 620 and 700°C, and for oxygen partial pressures of 10 -5 ≤ pO2 ≤ 10 -2 mbar. Figure 1 . demonstrates the quality of the anatase-TiO2 thin films using in-situ RHEED, AFM, and XRD. The X-ray diffraction and high resolution X-ray diffraction (HRXRD) data were taken along the surface normal and rocking curve data experiments, respectively. The thicknesses of the TiO2 films ranged from 7.64 nm to 100.26 nm as estimated by using rocking curves, X-ray reflectivity (XRR) and STEM methods, respectively ( Table 1 ). The RHEED pattern in Figure 1 Table 1 . The RHEED pattern shows brighter than for previous sample three additional streaks and diffraction spots corresponding to 3D clusters (observed in AFM). These diffraction spots can be visible because the sample thickness is around 9.5 nm (Table 1) , and it is possible that the bulk lattice parameters of substrate and film influence to the specular RHEED intensity. Fig. 1(c) presents results of sample which was annealed before growing for different oxygen pressure 6 = 0.1 mbar. RHEED reflection shows very weak streaks suggesting that the surface is mostly covered by an amorphous TiO2 phase. Polycrystalline rings starts to become visible in RHEED. However, distinct spots are still visible on some of the rings, which suggest that the growth of TiO2 is not completely random. In that case, the largest 3D TiO2 clusters were observed by AFM. The sample shown in Fig. 1(d) was prepared with a substrate temperature of T = 670°C and further 3D islands were observed. However, the streaks in the RHEED are the weakest, which means that more of the surface is covered by the amorphous TiO2 phase. with clearly visible maxima corresponding to (1×4) and (4×1) reconstruction. Similar TiO2 reconstruction was observed on SrTiO3 substrate [28, 33] . The XRD 2- scan in Figure 3(a) shows well defined sharp anatase (00l) peaks, indicating that a pure anatase film is formed, and that the film is preferentially aligned. The full width at half maximum (FWHM) of the (004) anatase peak rocking curve, Fig. 3(b) , is 0.34° while that of anatase film fabricated on SrTiO3(001) substrates is larger than 0.6° [34] . Thus the effect of lattice mismatch is clearly reflected in the crystal quality. The difference between growth conditions for the sample in Fig. 1(b) and the best grown sample in Fig. 3 should have different surface structures as was observed for TiO2 on SrTiO3(001) [25, 33, 36] .
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The quality of these data described above indicated that the TiO2 thin film is a high-quality Figure 5 (a) [20] . No any changes in the first domain in the relationship to two different atomic steps were observed.
From the STEM experiment, one atomic layer of TiO2 along the c-axis corresponds to 1/4 of the unit cell, Fig. 5(b) [38, 36] . This result is in good agreement with our STM studies, shown TiO2. An example is seen in the ADF-STEM image in Figure 5 (c), with its structural model in Figure 5(d) . The third additional observed domain boundary type in Figure 5 (c) is not connected with the layer step from substrate but is the superposition of rotation and tilt of anatase phases. Those domains can also be preferential sites for the segregation of dopants, which can be similar to the role of grain boundaries in nano-crystalline anatase [39] . These domains appear to be common to all single-crystal anatase TiO2 thin films grown on LaAlO3, since all substrate have terraces and even without the presence of terrace steps, rotation domains are able to form inside the bulk crystal.
The growth parameters including: the KrF pulsed laser frequency; laser energy density; and oxygen pressure during deposition, all play a crucial role in the formation of proper epitaxial TiO2 phase. The geometry of the ultra-high vacuum pulsed deposition system 
CONCLUSIONS
In summary, it has been shown that the degree of order of epitaxial anatase-TiO2 thin films can be manipulated by varying growth parameters such as the sample temperature, sample to target distance, oxygen pressure, laser energy, and laser pulse frequency. Optimisation of the epitaxial growth of TiO2 thin films on LaAlO3(001) substrates was performed with the use of ultra-high vacuum PLD, and investigated by RHEED, LEED, XRD, AFM, STM, and STEM.
The results obtained clearly demonstrate that the TiO2 thin film, which covers the entire substrate, has a distinctly anatase phase, and can be atomically aligned and bonded to TiO2 target, (6) laser ablation plume, (7) RHEED screen. Table 1 .
Growth parameters of TiO2 thin films on LaAlO3(001) surface. Table 1 
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